Introduction {#S1}
============

The Wechsler Adult Intelligence Scale (WAIS) has been developed by David Wechsler as a standard battery to evaluate the intelligence quotient (IQ) ([@B12]). After the WAIS- revised edition (R) was developed ([@B35]) and validated ([@B9]), the WAIS-3^rd^ edition (III) was next developed ([@B36]) and validated to be a well-established IQ battery ([@B4]; [@B5]; [@B30]; [@B6]).

Prior studies have investigated the association between the WAIS metrics and the brain structure measured by magnetic resonance imaging (MRI) in healthy individuals. The WAIS-R IQs correlated with the gray matter volumes in 67 participants ([@B3]). The WAIS-R full-scale IQs (FSIQs) correlated with the gray and white matter volumes in 65 young adults ([@B21]), whereas the WAIS-R performance IQs (PIQs) correlated with the medial prefrontal cortex volume in a VBM study involving 55 participants ([@B13]). A region- of- interest (ROI) study showed that WAIS-R IQs correlated with cortical thickness ([@B7]), while a whole-brain study showed WAIS-R FSIQ correlated with cortical measurements ([@B41]), in 225 and 78 healthy young adults, respectively. These studies support the conceivable correlation between the WAIS-based metrics and the brain structure.

For the WAIS-III in healthy individuals, the IQs and group indices positively correlated with the orbital frontal cortices and orbital gyri volumes in a ROI in a study involving 25 participants ([@B22]). The FSIQ positively correlated with the dominant posterior medial orbitofrontal-rostral anterior cingulate cortices circuitry FA value in a ROI-based DTI study involving 26 male participants ([@B24]). A positive correlation between the parieto-frontal gyrification and the WAIS-III or 4^th^ edition (IV)-based working memory group index was found in a study that used FreeSurfer software in 48 participants ([@B14]). The WAIS-III subtests showed a positive correlation with the cortical thinning analyzed using the FreeSurfer software in 82 middle-aged adults ([@B10]).

The JART is a Japanese version of the National Adult Reading Test, which is a proxy for premorbid IQ ([@B31]; [@B15]). To the vest of our knowledge, an MRI study for evaluation the correlation between the JART score and the brain structures has never been conducted. This warrants MRI studies investigating the correlations between the JART-predicted IQ and the brain structures.

Although the WAIS-III has been used as a widespread tool to evaluate the IQ, its neurostructural basis (i.e., the correlation between intelligence performance and brain structure) has never been examined using a whole-brain analysis in adults, while there have been studies in children or teenagers ([@B39]; [@B28]). Furthermore, adult studies have only used ROI analyses ([@B22]; [@B10]; [@B24]; [@B14]) and only two among the ROI studies have investigated the correlation of both the WAIS-III IQs and the group indices ([@B22]; [@B14]). We aimed to investigate the correlation of all the WAIS-III metrics (including the subtests) and the JART score with the whole-brain structure using VBM and DTI to analyze the gray and white matter regions in a relatively large sample of healthy individuals.

Materials and Methods {#S2}
=====================

Participants {#S2.SS1}
------------

The participants were 266 healthy volunteers (mean age: 45.6 ± 12.9 years, range: 18 to 75 years; 98 males and 168 females) of Japanese ethnicity. All participants were self-reported right-handers. They were recruited thorough announcements in the local community at Kodaira city, in a free local magazine distributed around Western Tokyo, and on our laboratory website. After the study was explained, written informed consent was obtained from all participants. The study protocol was approved by the ethics committee at the National Center of Neurology and Psychiatry and was performed in accordance with the Declaration of Helsinki ([@B40]).

Psychiatric and Cognitive Assessments {#S2.SS2}
-------------------------------------

The participants were screened for any psychiatric disorder by trained psychiatrists using the Japanese version of the Mini-International Neuropsychiatric Interview ([@B32]; [@B27]) and the Diagnostic and Statistical Manual of Mental Disorders, 5^th^ edition criteria ([@B2]). Individuals who had any psychiatric illness were not enrolled in the study. The IQs were evaluated by trained psychologists using the Japanese version of the WAIS-III ([@B37]) and the JART face-to-face version ([@B20]), which was consisted of 100 Kanji compound words.

MRI Data Acquisition and Processing {#S2.SS3}
-----------------------------------

High spatial resolution, three-dimensional T1-weighted and DTI images were obtained using a 3.0 Tesla MR system (Trio, Siemens, Erlangen, Germany). Detailed information on the MRI parameters was as follows: the same as our previous report ([@B100]) for T1-weighted images; echo time/repetition time = 85/6,200 ms, field of view = 240 × 240, matrix = 96 × 96, voxel dimensions = 2.5 × 2.5 × 2.5 mm^3^ for DTI images. Individuals with any abnormal findings, such as an arachnoid cyst, were excluded from the study. Preprocessing of T1-weighted images was performed by the Computational Anatomy toolbox for SPM version 12^[1](#footnote1){ref-type="fn"}^. The VBM analyses were performed using the Christian Gaser's toolbox^[2](#footnote2){ref-type="fn"}^ running within the SPM version 12^[3](#footnote3){ref-type="fn"}^. The gray matter images were smoothed with an 8-mm full-width at half-maximum Gaussian kernel. The DTI data were preprocessed using Tract-Based Spatial Statistics ([@B33]) within the FSL version 5.0^[4](#footnote4){ref-type="fn"}^. The FA threshold was set at 0.20 to exclude the peripheral tracts. The skeletonized FA data were analyzed using the FSL "Threshold-Free Cluster Enhancement" option in "randomize" with 10,000 permutations ([@B23]; [@B34]).

Statistical Analyses {#S2.SS4}
--------------------

The Pearson's and Spearman's rank correlation coefficients were used to calculate the respective correlations of continuous (age, BMI, and education level) and categorical (sex) variables with the WAIS-III IQs and group indices, and the JART score. The Pearson's partial correlation coefficient was used to calculate the correlation matrix among the IQs and group indices, and the JART score, adjusting for age, sex, and BMI. Bonferroni corrections were applied for the multiple testing in the correlation analyses (*p* \< 0.05/8 \[the sum of the WAIS IQs and group indices, and JART score\] ≒ 0.0063). Statistics were computed using the Statistical Package for the Social Sciences version 25.0 (SPSS Japan, Tokyo, Japan). Statistical tests were two-tailed, and *p* \< 0.05 was deemed significant.

The correlations of the WAIS-III metrics (including the 14 subtests) and JART score with the regional gray matter volumes in the VBM and the white matter FA values in the DTI were calculated, adjusting for age, sex, BMI, education level, and intracranial volume (only in VBM, calculated by using the Easy_volume tool^[5](#footnote5){ref-type="fn"}^). The level of statistical significance was set to a peak-level of *p* \< 0.05 (FWE-corrected) in the VBM, and to a *p* \< 0.05 (FWE -corrected) in the DTI. In VBM, cluster volumes below size 10 were deemed insignificant.

Results {#S3}
=======

The WAIS- III Metrics and the JART Score Analyses {#S3.SS1}
-------------------------------------------------

The characteristics of the participants are shown in [Table 1](#T1){ref-type="table"}. The statics of the WAIS-III IQs and group indices and the JART score in the participants are presented therein. The correlations of the WAIS-III IQs and group indices and the JART score with the clinical variables are shown in [Table 2](#T2){ref-type="table"}. Of note, the female sex showed a significant and positive correlation with the processing speed, while education level showed a significant and positive correlation with all the WAIS-III IQs and group indices and the JART score (corrected *p* \< 0.05). The correlation matrix among the WAIS-III IQs and group indices and the JART score is shown in [Supplementary Table 1](#TS1){ref-type="supplementary-material"}. As expected, all the pairs showed a significant and positive correlation (corrected *p* \< 0.05). Additionally, the raw scores of the WAIS-III subtests are shown in [Supplementary Table 2](#TS2){ref-type="supplementary-material"}.

###### 

The characteristics of the participants.

  ***n* = 266**                                         **Mean** ± **Standard deviation**   **Range**
  ----------------------------------------------------- ----------------------------------- ------------
  Age (years)                                           45.6 ± 12.9                         18--75
  Sex, male: *n* (%)                                    98 (36.8)                           
  Body mass index (kg/m^2^)                             22.1 ± 3.1                          15.8--34.3
  Education (years)                                     14.7 ± 2.0                          9--22
  **Wechsler adult intelligence scale-3^rd^ edition**                                       
  Full-scale IQ                                         112.5 ± 13.5                        72--155
  Verbal IQ                                             112.8 ± 13.9                        72--156
  Performance IQ                                        109.7 ± 14.6                        72--149
  **\<group index\>**                                                                       
  Verbal comprehension                                  111.5 ± 13.3                        73--147
  Perceptual organization                               107.3 ± 13.7                        63--145
  Working memory                                        106.4 ± 14.8                        69--151
  Processing speed                                      109.9 ± 15.6                        60--150
  Japanese Adult Reading Test                           81.3 ± 11.0                         46--99

IQ, intelligence quotient.

###### 

The correlations of the WAIS-III IQs and group indices and the JART score with clinical variables.

                            **Age (years)**   **Sex**        **Body mass index (kg/m^2^)**   **Education (years)**                                 
  ------------------------- ----------------- -------------- ------------------------------- ----------------------- ------- -------------- ------ ----------
  **WAIS-III**                                                                                                                                     
  Full-scale IQ             0.12              [0.047]{.ul}   −0.05                           0.44                    −0.09   0.16           0.37   4.9.E-10
  Verbal IQ                 0.09              0.15           −0.17                           [0.006]{.ul}            −0.04   0.54           0.36   2.3.E-09
  Performance IQ            0.13              [0.039]{.ul}   0.11                            0.08                    −0.12   0.06           0.27   6.4.E-06
  Verbal comprehension      0.06              0.33           −0.16                           [0.010]{.ul}            −0.05   0.38           0.38   1.7.E-10
  Perceptual organization   0.09              0.13           −0.03                           0.68                    −0.07   0.28           0.25   4.9.E-05
  Working memory            0.08              0.17           −0.08                           0.19                    −0.06   0.33           0.20   9.9.E-04
  Processing speed          0.14              [0.022]{.ul}   0.21                            7.4.E-04                −0.14   [0.023]{.ul}   0.19   2.1.E-03
  JART                      −0.02             0.71           −0.02                           0.76                    −0.16   [0.010]{.ul}   0.37   5.6.E-10

IQ, intelligence quotient; JART, Japanese Adult Reading Test; WAIS-III, Wechsler Adult Intelligence Scale-3

rd

edition. r, Pearson's correlation coeffiecient; ρ, Spearman's rank correlation coefficient. Sex was coded as male: 1 and female: 2. Correctedly and nominally significant

p

-values are shown in exponents (

p

\< 0.0063) and underlined cases (

p

\< 0.05), respectively.

Correlation Between the WAIS- III Metrics and Gray Matter Volume {#S3.SS2}
----------------------------------------------------------------

In the VBM analysis, the WAIS-III VIQ significantly and positively correlated with the cluster volume of the left gyrus rectus and anterior cingulate gyrus, left posterior insula and planum polare, and left superior and middle frontal gyri (size = 53, 17, and 17, respectively; a peak-level FWE-corrected *p* \< 0.05; [Figure 1](#F1){ref-type="fig"}). Regarding the WAIS-III group indices, the verbal comprehension significantly and positively correlated with the cluster volume of the left superior and middle frontal gyri, left gyrus rectus and anterior cingulate gyrus, and left middle frontal gyrus (size = 90, 91, and 13, respectively; a peak-level FWE-corrected *p* \< 0.05; [Figure 2](#F2){ref-type="fig"}). The statics of the VBM results are shown in [Table 3](#T3){ref-type="table"}. There was no significant negative correlation in any of the VBM analyses concerning the WAIS IQs and group indices (data not shown). Furthermore, the WAIS-III vocabulary subtest significantly and positively correlated with the cluster volume of the left superior and middle frontal gyri and the right middle and inferior frontal gyri (size = 150 and 17, respectively), while the WAIS-III similarities subtest significantly and positively correlated with the cluster volume of the left posterior insula and planum polare (size = 48; a peak-level FWE-corrected *p* \< 0.05; [Supplementary Figure 1](#DS1){ref-type="supplementary-material"}). The statics of the VBM results are shown in [Supplementary Table 3](#TS3){ref-type="supplementary-material"}.

![Gray matter regions where the volume significantly correlated with the Wechsler Adult Intelligence Scale-3^rd^ edition verbal intelligence quotient. The upper, middle, and lower-row brain images represent the left gyrus rectus and anterior cingulate gyrus, left posterior insula and planum polare, and left superior and middle frontal gyri clusters, respectively. The color panels on the right signify the t score gradient. The coordinates are indicated in cross hair lines. a, anterior; l, left; p, posterior; r, right.](fnhum-14-00211-g001){#F1}

![Brain regions whose volume and fractional anisotropy value significantly correlated with the Wechsler Adult Intelligence Scale-3^rd^ edition group indices. The upper three-row brain images represent the gray matter regions whose volume positively correlated with the verbal comprehension. The color panels on the right signify the *t* score gradient. The lower-row brain images represent the white matter regions whose fractional anisotropy value positively correlated with the processing speed. The coordinates are indicated in cross hair lines. a, anterior; l, left; p, posterior; r, right.](fnhum-14-00211-g002){#F2}

###### 

The statics of the voxel-based morphometry results.

                                     **Peak-level**   **Montreal neurological institute atlas (mm)**                                  
  ---------------------------------- ---------------- ------------------------------------------------ ------ ------- ------- ------- ------------------------------------------------
  **Verbal intelligence quotient**                                                                                                    
                                     53               0.019                                            4.97   −8.0    30.0    −16.0   Left gyrus rectus and anterior cingulate gyrus
                                     17               0.019                                            4.97   −42.0   −10.0   −2.0    Left posterior insula and planum polare
                                     17               0.021                                            4.94   −24.0   52.0    20.0    Left superior and middle frontal gyri
  **\<group index\>**                                                                                                                 
  **Verbal comprehension**                                                                                                            
                                     90               0.005                                            5.27   −24.0   51.0    21.0    Left superior and middle frontal gyri
                                                      0.016                                            5.01   −15.0   50.0    20.0    
                                     91               0.008                                            5.17   −6.0    28.0    −18.0   Left gyrus rectus and anterior cingulate gyrus
                                     13               0.034                                            4.83   −32.0   20.0    51.0    Left middle frontal gyrus

Correlation Between the WAIS- III Metrics and White Matter Integrity {#S3.SS3}
--------------------------------------------------------------------

In the DTI analysis, among the WAIS-III IQs and group indices, only the processing speed significantly and positively correlated with the bilateral various regional white matter (e.g., corpus callosum and superior corona radiata) FA values (FWE-corrected *p* \< 0.05, Montreal Neurological Institute 152 average brain atlas coordinates; x: 15.0 mm, y: −30.0 mm, z: 30.0 mm, [Figure 2](#F2){ref-type="fig"}). There was no significant negative correlation in any of the DTI analyses concerning the WAIS-III IQs and group indices (data not shown). Regarding the WAIS-III subtests, the symbol search (performance 6) significantly and positively correlated with the regional white matter FA values (corrected *p* \< 0.05, Montreal Neurological Institute 152 average brain atlas coordinates; x: 15.0 mm, y: −30.0 mm, z: 30.0 mm, [Supplementary Figure 1](#DS1){ref-type="supplementary-material"}).

Correlation of the JART Score With Gray Matter Volume and White Matter Integrity {#S3.SS4}
--------------------------------------------------------------------------------

In contrast, the JART score showed no significant correlation in either the VBM or the DTI analyses (data not shown).

Discussion {#S4}
==========

The whole-brain VBM and DTI analyses were performed for a relatively large number of the WAIS-III metrics (3 IQs, 4 group indices, and 14 subtests). The WAIS-III VIQ positively correlated with the left gyrus rectus and anterior cingulate gyrus, left posterior insula and planum polare, and left superior and middle frontal gyri volumes. Regarding the group indices, the verbal comprehension and processing speed positively correlated with the left superior and middle frontal gyri, left gyrus rectus and anterior cingulate gyrus, and left middle frontal gyrus volumes and the bilateral various regional white matter FA values, respectively. In contrast, no gray or white matter structure was correlated with the JART score. These results suggested the neurostructural bases of the several WAIS-III metrics in a relatively large number of healthy individuals.

The WAIS-III VIQ positively correlated with the dominant (left) gyrus rectus and anterior cingulate gyrus, posterior insula and planum polare, and superior and middle frontal gyri volumes. Conversely, no correlation was observed in the white matter region. These findings are inconsistent with those of the ROI studies, which reported a correlation with the orbital volumes ([@B22]) and the FA value of the orbitofrontal-anterior cingulate cortices circuitry ([@B24]). However, the present study is probably advantageous considering the whole-brain design with a much larger sample size (*n* = 266) than the previous ROI studies (*n* = 25 and 26) ([@B22]; [@B24]). To the vest of our knowledge, the correlation of these regions (i.e., gyrus rectus and anterior cingulate gyrus, posterior insula and planum polare, and superior and middle frontal gyri) with the WAIS-III VIQ has not thus far been reported, suggesting the involvement of the gray matter networks in verbal intelligence performance.

The verbal comprehension index positively correlated with the dominant superior and middle frontal gyri, gyrus rectus and anterior cingulate gyrus, and middle frontal gyrus volumes. Considering the VBM results, the aforementioned correlation of the VIQ may be based on the correlation of the verbal comprehension index. Furthermore, the correlation of the verbal comprehension index may be based on the summation of the corresponding subtests (subtests: vocabulary, similarities, and information), which is supported by the correlation of vocabulary and similarities subtests in the present study. However, our findings are inconsistent with those of a ROI study in 25 participants, which reported a correlation of the verbal comprehension and perceptual organization indices with the orbital volumes ([@B22]) and those of a study dealt with gyrification in 48 participants, which reported a correlation of the working memory index with the bilateral parieto-frontal regions ([@B14]). Our findings regarding the WAIS-III subtests are inconsistent with those of a positive correlation of the information and block design subtests with the cortical thickness, while somewhat consistent with a positive correlation of vocabulary with frontal and insula thickness in 82 middle-aged adults ([@B10]).

Notably, concerning the DTI analysis, a positive correlation was found only between the white matter integrity and the processing speed, which is inconsistent with the findings of a whole-brain study that focused on the correlation of the WAIS-IV working memory with the white matter integrity in 15 healthy individuals ([@B8]). Although we have reported the correlation of white matter integrity with motor speed ([@B17]) and manual dexterity ([@B18]) only in patients with schizophrenia, we here suggested the correlation of white matter integrity with processing speed in healthy individuals. The positive correlation of the symbol search subtest with the regional white matter FA values suggests its contribution to the aforementioned correlation of the processing speed with the white matter integrity, because the subtest is one of the components of the group index (subtests: digit symbol and symbol search).

The JART score showed no correlation with any of the brain structures. There has been no study that investigated the correlations of the JART score with the gray and white matter structures. Since it is known that the JART-predicted IQ is less likely to deteriorate even after the development of Alzheimer's disease ([@B20]), a well-known central nervous system disease accompanied with brain structural changes ([@B42]; [@B11]; [@B19]; [@B1]), our observation of no significant correlation of the JART score with any of the brain regions might be reasonable. The JART-predicted IQ is probably included into the crystallized intelligence ([@B29]). In line, there was no correlation of the information and orientation subtest in the Wechsler Memory Scale-R with any of the brain structures ([@B16]).

This study has the following limitations. First, this whole-brain study may have included any type 2 errors which could have been detected if the ROI method or uncorrected *p*-value was applied for the MRI analyses. Second, the participants of this study showed relatively high WAIS-III scores, which may have resulted in any biases of the results. Third, we could not assess the possible correlation between gray matter volume and white matter FA value since we have had no tool to examine the VBM and DTI measurements calculated using different types of whole-brain analysis software (i.e., SPM and FSL). Therefore, any nuisance effects of correlation between such brain measurements on the correlation with IQ metrics might be presented in this study. Finally, further studies will be of interest to investigate the correlation between the WAIS- IV ([@B38]) metrics and the whole-brain structure, as was also suggested in our Wechsler Memory Scale-R study ([@B16]).

Conclusion {#S5}
==========

The WAIS- III VIQ correlated positively with the dominant gyrus rectus and anterior cingulate gyrus, posterior insula and planum polare, and superior and middle frontal gyri volumes. The verbal comprehension and processing speed group indices positively correlated with the dominant superior and middle frontal gyri, gyrus rectus and anterior cingulate gyrus, and middle frontal gyrus volumes and the bilateral various regional white matter FA values, respectively. We presented the neurostructural bases of the WAIS-III metrics in a relatively large number of healthy individuals.
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BMI

:   body mass index

DTI

:   diffusion tensor imaging

FA

:   fractional anisotropy

FSIQ

:   full-scale intelligence quotient

FSL

:   functional MRI of the Brain Software Library

FWE

:   family wise error

IQ

:   intelligence quotient

JART

:   Japanese Adult Reading Test

MRI

:   magnetic resonance imaging

PIQ

:   performance intelligence quotient

R

:   revised edition

ROI

:   region- of- interest

SPM

:   statistical parametric mapping

VBM

:   voxel-based morphometry

VIQ

:   verbal intelligence quotient

WAIS

:   Wechsler Adult Intelligence Scale

III

:   3^rd^ edition

IV

:   4^th^ edition.
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